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Abstract 
China faces serious air quality challenges in both outdoor and indoor environments due to particularly high levels of air pollution 
where maximum values greatly exceed current air quality standards. Ambient air pollution significantly increases both morbidity 
and mortality in the general population and there is strong support of the link between pollutant exposure and the risk of mortality. 
Removal of irritating and noxious gases and foul odors along with respirable particulate matter are major requirements for any air 
cleaning system to protect people and assure good indoor air quality. Enhanced air cleaning devices are available that combine 
leading-edge air cleaning technologies to effectively remove common air pollutants including PM10, PM2.5, formaldehyde, O3, SO2, 
NO2, and volatile organic compounds. A discussion of the results of air quality investigations in Beijing, Shanghai, and Guangzhou 
and the results of testing performed on air cleaning devices employing integrated air cleaning technologies will be presented. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ISHVACCOBEE 2015. 
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1. Introduction 
Currently, China faces serious air quality challenges in both outdoor and indoor environments due to particularly 
high levels of air pollution. China is dependent on coal for much of its electricity generation, and coal-fired power 
plants emit large quantities of particulate matter (PM) and sulfur dioxide (SO2). Motor vehicle emissions are the fastest 
growing new source of pollution in cities, and industry contributes many volatile organic compounds (VOCs). 
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Fig. 1. Air quality level in 74 cities monitored in China [1]. 
Of the 74 cities in China with permanent air quality monitoring stations, with most of them reporting increased air 
pollution levels (Fig. 1). These monitoring locations include 23 capital cities, 4 municipalities, and some cities in Hebei 
province, the Yangtze River Delta, and the Pearl River Delta. Overall there are about 500 air quality monitoring 
stations with more than half of them (>250) indicating increased levels of air pollution. 
From a sampling of almost 600 families located in seven cities, the levels of formaldehyde (HCHO), methylbenzene 
and dimethyl benzene to which they were exposed significantly exceeded the standard values.  
x The average concentration of HCHO in Hangzhou and Nanjing is higher than the standard value; however, the 
maximum values in all cities greatly exceed the national standard. 
x Shanghai, Nanjing, Wuhan and Chengdu are seriously suffering from methyl benzene pollution. 
x Hangzhou, Nanjing and Chongqing have high levels of dimethyl benzene. 
Most importantly the maximum values greatly exceed current air quality standards. 
In 2012 the China State Council passed the roadmap for ambient air quality standards with the aim of improving 
the living environment and protecting human health. The Ambient Air Quality Standards (GB 3095-2012) are 
comparable to the interim targets (IT) set by the World Health Organization (WHO). Specifically, the Grade II O3 (8-
hour) standard is same as WHO IT-1. A detailed comparison of GB 3095-2012 and WHO Air Quality Guidelines 
(AQG) is provided in Table 1 [2]. Pollutants of increasing concern with respect to human health and wellness include 
NO2, SO2, and ozone O3. Note that Grade I applies to natural protection areas and other areas requiring special 
protection. Grade II is for residential, commercial, industrial and rural areas. 
The new standards will be implemented on January 1, 2016 for all of China. However, the Ministry of 
Environmental Protection may require some cities to implement the new standards before 2016. At the same time, 
provinces will also be encouraged to implement the new standards even before 2016, as soon as the cities under their 
jurisdiction are ready. 
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Table 1. Comparison of new ambient air quality standards for China and in WHO guidelines. 
Pollutant Averaging Time Unit GB 3095-2012 WHO Grade I Grade II IT-1 IT-2 IT-3 AQG 
PM10 
Annual μg/m3 40 70 70 50 30 20 
24-hrs μg/m3 50 150 150 100 75 50 
PM2.5 
Annual μg/m3 15 35 35 25 15 10 
24-hrs μg/m3 35 75 75 50 37.5 25 
NO2 
Annual μg/m3 40 40 - - - 40 
24-hrs μg/m3 80 80 - - - - 
1-hr μg/m3 200 200 - - - 200 
SO2 
Annual μg/m3 20 60 - - - - 
24-hrs μg/m3 50 150 125 50 - 20 
1-hr μg/m3 150 500 - - - - 
O3 
8-hrs μg/m3 100 160 160 - - 100 
1-hr μg/m3 160 200 - - - - 
CO 24-hrs mg/m
3 4 4 - - - - 
1-hr mg/m3 10 10 - - - 30 
2. China’s Air Quality Index 
China’s Ministry of Environmental Protection (MEP) maintains databases for ambient air pollutants for most of the 
major cities in China. The MEP releases daily reports of ambient air quality in key cities that includes Air Quality 
Indices (AQI), primary pollutants and air quality grade. Information on current air quality in China cities can be found 
at http://aqicn.org.  
The AQI is actually a composite reading based on measurements of multiple contaminants. By examination of the 
AQI, the average concentrations for individual pollutants can be calculated. AQI values and their corresponding 
pollutant concentrations are shown in Table 2. 
Table 2. AQI values and corresponding pollutant concentrations 
Pollution Index Pollutant Concentrations (daily averages, mg/m3) 
AQI SO2 NO2 PM10 CO O3 
50 0.050 0.080 0.050 5 0.120 
100 0.150 0.120 0.150 10 0.200 
200 0.800 0.280 0.350 60 0.400 
300 1.600 0.565 0.420 90 0.800 
400 2.100 0.750 0.500 120 1.000 
500 2.620 0.940 0.600 150 1.200 
 
As might be expected, higher AQI levels are most often reported for large cities and the values correlate well to the 
diminished air quality reported by air monitoring stations. For this paper the authors’ investigation focused on air 
quality in Beijing, Shanghai, and Guangzhou with a primary interest in SO2, NO2, and O3 (Table 3). At the time this 
investigation began, full year data that provided the required information was only available for 2012. Investigation 
of AQI data for 2013 and 2014 indicates that the air quality has become progressively worse for these contaminants in 
the three cities investigated [3]. 
Like many Chinese cities, coal remains a main source of fuel. During the official heating season from November 
to April, ambient concentrations of SO2 greatly exceed the maximum governmental limits.  Recently, rising vehicle 
numbers have caused high NO2 levels year round and have contributed to the “ozone season” that now extends beyond 
the traditional May to September time frame. 
 
 
585 Christopher O. Muller et al. /  Procedia Engineering  121 ( 2015 )  582 – 589 
Table 3. AQI data expressed as contaminant concentrations. 
Beijing AQI Data 
Contaminants 
of Concern 
AQI Range 
(Moderate/unhealthy for sensitive groups) 
Contaminant Concentration Range 
μg/m3 ppb 
SO2 58 – 104 58 – 176 22 – 67 
NO2 52 – 111 82 -138 44 – 73 
O3 [not available] [not available] 50 – 120 
Shanghai AQI Data 
Contaminants 
of Concern 
AQI Range 
(Moderate/unhealthy for sensitive groups) 
Contaminant Concentration Range 
μg/m3 ppb 
SO2 51 – 79 51 – 79 20 – 30 
NO2 102 – 103 123 – 125 65 – 66 
O3 [not available] [not available] 100 – 160 
Guangzhou AQI Data 
Contaminants 
of Concern 
AQI Range 
(Moderate) 
Contaminant Concentration Range 
μg/m3 ppb 
SO2 58 – 63 58 – 63 22 – 27 
NO2 [not available] [not available] [not available] 
O3 [not available] [not available] [not available] 
2.1. Example: AQI for Guangzhou 
On the basis of the reported AQI and air pollutant monitoring data provided by the Guangzhou Environment 
Monitoring Stations over the last twenty-five years, the characteristics of air quality, prominent pollutants, and 
variation of the average annual concentrations of SO2 and NO2 in Guangzhou City were analyzed [4]. The average 
AQI of Guangzhou over 6 years was higher than that of Beijing, Tianjin, Nanjing, Hangzhou, Suzhou and Shanghai, 
and lower than that of Shenzhen, Zhuhai and Shantou. Concentrations of air pollutants are generally worse than 
ambient air quality standards for USA, Hong Kong and EU. SO2 and NO2 pollution were still serious, implying that 
pollution from all kinds of vehicles had become a significant problem in Guangzhou. 
2.2. Health Effects of China’s Air Pollution 
Ambient air pollution significantly increases both morbidity and mortality in the general population. The 
development of respiratory diseases resulting from direct contact of the respiratory system with air pollutants has been 
widely acknowledged as a major component of the adverse health effects of air pollution. There is strong support to 
the link between ambient air pollution exposure and the risk of mortality from both cardiovascular and cerebrovascular 
diseases. 
Formaldehyde, benzene, and TVOCs can be harmful to human when the concentrations exceed certain levels (Table 
4, [5]). Air quality in China continues to be unsatisfactory (Table 5†, [6]), and disease attributable to air pollution 
remains high. 
Reports of studies on impacts of air pollution on health and economics by academic institutions are available [7]. 
Some of the more important findings are below. 
x Short-term health effects of pollutants and the frequency of hospital admissions due to cardiovascular and 
respiratory diseases and age bracket.  
x The relative risk for admissions for respiratory disease was increased for SO2 and O3 and for admissions for 
cardiovascular was increased for SO2, PM2.5, and PM10. 
x There were positive correlations among the pollutants NO2, O3, PM2.5 and PM10.  
x A positive correlation to O3 levels and hospital admissions was observed during winter months. 
 
 
† Table 5 has been moved to the end of this document to preserve formatting. 
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In most studies, it was observed that residents aged 65 and over were found to be most at risk. 
Table 4. Common air pollutants, properties, health effects, and sources. 
Pollutant Properties Health Effects Sources 
Formaldehyde 
Colorless irritant gas that 
can be absorbed by the 
respiratory tract. 
- Tearing, throat discomfort, nausea at low 
concentration and death at high concentration; 
- Cancers the of nasal cavity, oral cavity, throat, 
skin and alimentary canal could be caused by 
long-term exposure to formaldehyde 
Particle board, plywood, furniture, 
formaldehyde containing decoration 
materials, combustion products 
 Benzene 
Colorless transparent 
oily liquid, volatile, 
combustible  
- Inhibition of human hematopoietic function; 
- May cause anemia, infection, bleeding under 
the skin; dysfunction of brain, liver, kidney  
Motor vehicle exhaust, paint, liquid 
detergents, wood stain, plastic pipes 
Total volatile 
organic 
compounds 
(TVOCs) 
Compounds with boiling 
range between 50~260Ԩ  
- Irritation and discomfort of mucous 
membranes, eyes, at concentrations of 3.0~25 
mg/m3 
- Possible neurotoxic effects at 
concentrations >25 mg/m3.  
Quick-drying paint, cleaning compounds, 
coatings, adhesives, building materials, 
detergents, decoration materials, etc.   
Fine particles 
(PM2.5) 
Particulate matter with 
mean particle diameters 
≤2.5 μm. 
- Harmful to the respiratory and cardiovascular 
systems. 
- Fine particles can lodge deeply into the lungs. 
- Can trigger arterial plaque depositions, cause 
vascular inflammation and atherosclerosis 
Motor vehicle exhaust, coal-burning power 
plants, metallurgy, petroleum, chemical, 
textile industries 
3. Enhanced Air Cleaning For Improved IAQ 
Removal of irritating and noxious gases and foul odors along with respirable particulate matter (PM2.5) are major 
requirements for any air cleaning systems designed to protect people and assure good IAQ. This includes providing 
air cleaning technologies for all of the indoor environments in which people could be routinely exposed to elevated 
pollution levels; i.e., inside automobiles, buses, and trains (cabin air), at work, and in the home.  
Although the increasing levels of PM2.5 present the most serious threat to the health and well-being of those living 
in China’s major urban areas, more emphasis is placed by consumers on the ability of an air cleaning device to remove 
toxic and irritating chemicals such as HCHO and VOCs. Decisions as to whether or not to install enhanced air cleaning 
devices for personal use in the home and/or car are being influenced by the growing awareness of the general 
population of the serious air pollution issues in China, a perceived lack of progress by the central government to 
adequately address these issues in a timely manner, and being resigned to the fact that ensuring the health of one’s 
family, especially that of children and the elderly, now falls squarely on the individual. 
Among the current air cleaning technologies, there is no single one that can address all primary air pollutants of 
concern. HEPA filtration for particulate matter and activated carbon for gaseous pollutants are by far the most common 
technologies in use today; however, most people have a low awareness of the limitations of these two filter types and 
the benefits of new filter designs and technologies. Ongoing research and development efforts by air cleaner 
manufacturers has led to the development of enhanced air cleaning devices combining multiple leading-edge air 
cleaning technologies to effectively remove all common pollutants. 
The combination of currently available and new technologies can provide for a more complete solution that 
addresses the primary pollutants of concern – these being PM10, PM2.5, HCHO, O3, NO2, SO2, and VOCs. However, 
they cannot be applied as “add on” technologies to existing air cleaning devices. Rather, a new air cleaner design that 
successfully integrates multiple technologies would prove to be more economical when applied for personal protection, 
cabin air filters, and general air filtration for the home and workplace. 
3.1. Air cleaning for particulate contamination 
For the control of particulate matter most manufacturers have incorporated HEPA filtration technology into their 
air cleaning devices. High-efficiency particulate arrestance (HEPA) filters are generally defined as being able to 
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remove 99.97% of particles ≥0.3 μm in diameter. Given this, HEPA filters would provide for the effective and 
complete control of the main ambient particulate pollutants, PM10 and PM2.5. 
Filters meeting the HEPA standard have traditionally been used in hospitals to prevent the spread of airborne disease, 
pharmaceutical and medical device manufacturing to prevent contamination, and the aerospace industry to keep dust 
off of sensitive electronics and optical surfaces. However, more and more they are becoming standard components in 
filter systems found in commercial aircraft, passenger trains, high-end automobiles, vacuum cleaners, and air purifiers 
used in the home. 
3.1.1. Control of viable particles.  
True HEPA filters are very effective at removing viable airborne particles such as fungi, mold spores and bacteria 
from the air because most of these are larger than 0.3 μm. On the other hand, viruses are so small, some less than 0.03 
μm, HEPA filters cannot capture them effectively, although many claim to. These smaller particles will be removed 
to a lesser efficiency which may not help prevent the spread of airborne disease.  
One common misconception is that HEPA filters can kill (or deactivate) harmful microorganisms such as bacteria, 
fungi and viruses. In fact, most viable particles are simply captured by the filter and many species can live for anywhere 
from 24-48 hours or more on the filter, and spores can survive indefinitely. To be truly effective against viable particles 
the HEPA filter must be able to both capture AND kill a wide variety of microorganisms. 
One major advance in antimicrobial technology has been the development of a particulate filter medium containing 
silver nanoparticles that acts as an air sanitizer to capture and kill harmful microorganisms. Silver has long been known 
for its antibacterial properties but it was only since the development of nanotechnology that allowed creation of 
materials with embedded silver nanoparticles. A preparation of silver nanoparticles integrated into a HEPA (ULPA‡) 
filter medium provides the ability to capture particles as small as 0.3 (0.1) micron and completely inhibit bacterial 
growth fairly quickly (within a 10-minute contact time). Antimicrobial activity of nanosilver is not limited to bacteria, 
but can control viruses as well. This “capture and kill” technique is effective against bacterial species such as E. coli 
and S. aureus and viruses such as influenza A and B.  
Although the nanosilver does not lose its germicidal properties over time, accumulation of dust, dirt and inactive 
biomass film can prevent direct contact with the filter medium making it less efficient against targeted organisms. 
Filter replacement is typically determined by time in service, pressure drop across the filter, or a combination of metrics. 
3.1.2. Air cleaning for gaseous (chemical) pollution. 
As previously mentioned, activated carbon is the most common adsorbent used in air purifiers to remove chemical 
contaminants. Prior research [8] has demonstrated the effectiveness of adsorbent media against the chemical 
compounds in motor vehicle exhaust, one of the primary contributors to China’s air pollution problems. The results 
confirmed that for best results air cleaning systems need to employ at least two different media; activated carbon and 
permanganate-impregnated alumina. 
Among the various delivery systems employed for adsorbent media, the most effective and economical form is 2-
3 mm granules or pellets. Granular media provides a higher media weight to volume ratio than commonly available 
adsorbent-loaded fibers or foams. This in turn provides for high initial and average removal efficiencies along with 
the longest life for similar size filters. 
3.1.3. Granular activated carbon (GAC).  
This medium effectively removes VOCs (including benzene, methyl benzene, and dimethylbenzene) and ozone, is 
only marginally effective against sulfur and nitrogen oxides, and is not effective against formaldehyde. It exhibits a 
reasonable lifetime and is the least expensive adsorbent medium in wide use. 
 
 
‡ Ultra-low particulate air or ULPA filters; 99.999% efficient for particles ≥100 nanometers (0.1 μm) in diameter. 
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3.1.4. Permanganate-impregnated alumina (PIA).  
While most granular PIA media being used today have available permanganate content of only 4-6%, one medium 
provides a 12% permanganate content which tremendously increases performance both in terms of removal efficiency 
and service life. This 12% PIA medium is highly effective against SO2, NO2, and formaldehyde as well as many VOCs 
and other contaminants of concern for IAQ. Unlike with GAC, pollutants once removed with the PIA medium cannot 
be released back into the space. 
4. A New Air Purifier Design 
Taking advantage of advances in filtration technology, a filter element has been developed that can be used in many 
different air purifier designs. This combination filter is capable of controlling all of the primary air pollutants to below 
the levels specified in China’s Ambient Air Quality Standard GB 3095-2012, as well as viable particles such as bacteria, 
mold, and fungi. When employed in an appropriately designed air purifier extremely high single-pass removal 
efficiencies and a long filter life can be achieved. 
Preliminary air purifier testing using a filter element as described here indicates a clean air delivery rate (CADR) 
for particulate and chemical pollutants approaching 1:1 with respect to the total air volume treated. Efficiencies up to 
99.97% for common bacteria and fungus species have been observed when tested for antibacterial activity and efficacy 
[9].  
At design airflows common to commercial and residential air purifiers, the chemical filter options described here 
exhibit single-pass removal efficiencies ranging from 75-95+% for the contaminants listed above. At the lower air 
flows typical for personal protective products and cabin air filters, these air purifiers exhibit single-pass removal 
efficiencies of 90-95% with near 100% efficiency for many of the target contaminants. Using these products as 
recirculating air cleaners can effectively bring pollutant levels to near non-detectable levels. 
Among the current air cleaning technologies, there is no single one can solve all of the air pollution problems 
existing in Chinese cities. The two most readily available and economical are HEPA filters and granular adsorbents. 
With the development of a HEPA filter medium incorporating silver nanoparticles, one can now produce an air purifier 
that controls both viable particles along with the primary pollutants PM10 and PM2.5. Add this level of control to a filter 
element that employs both GAC and PIA, an air purifier is now available that can also address all of the primary 
chemical pollutants of concern; SO2, NO2, O3, HCHO, and VOCs. Products incorporating this combination of filter 
media can be applied in masks for personal protection, for cabin air filtration, and in air purifiers for residential and 
commercial use. 
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Table 5. Ambient air quality in major cities (mg/m3). 
City 
Sulfur 
dioxide 
Nitrogen 
dioxide 
Days of Air Quality 
Equal to or Above 
Grade II  (day) 
Proportion of Days of Air 
Quality Equal to or Above 
Grade II in the Whole Year (%) 
Beijing        0.050 0.066 234 64.11 
Tianjin        0.076 0.047 298 81.64 
Shijiazhuang 0.054 0.041 283 77.53 
Taiyuan 0.077 0.02 245 67.12 
Hohhot 0.05 0.041 312 85.48 
Shenyang 0.054 0.036 317 86.85 
Dalian 0.026 0.035 340 93.15 
Harbin 0.042 0.056 301 82.47 
Shanghai 0.061 0.061 322 88.22 
Nanjing 0.052 0.054 304 83.29 
Hangzhou 0.060 0.058 301 82.47 
Hefei 0.018 0.025 329 90.14 
Fuzhou 0.016 0.042 349 95.62 
Nanchang 0.05 0.031 339 92.88 
Jinan 0.06 0.024 262 71.78 
Zhengzhou 0.059 0.039 300 82.19 
Wuhan 0.054 0.050 271 74.25 
Changsha 0.081 0.036 245 67.12 
Guangzhou 0.053 0.068 332 90.96 
Nanning 0.058 0.038 354 96.99 
Haikou 0.012 0.015 365 100 
Chongqing     0.073 0.048 267 73.15 
Chengdu 0.077 0.052 293 80.27 
Guiyang 0.063 0.013 343 93.97 
Kunming 0.055 0.038 363 99.45 
Lhasa 0.010 0.025 358 98.08 
Xi'an 0.044 0.032 291 79.73 
Lanzhou 0.068 0.037 238 65.21 
Xining 0.029 0.026 306 83.84 
Yinchuan 0.054 0.025 323 88.49 
Urumqi 0.116 0.056 256 70.14 
 
